Increasing dissipation-free supercurrent has been the primary issue for practical application of superconducting wires. For magnesium diboride, MgB2, carbon is known to be the most effective dopant to enhance high-field properties. However, the critical role of carbon remains elusive, and also low-field critical current density has not been improved. Here, we have undertaken malic acid doping of MgB2 and find that the microscopic origin for the enhancement of high-field properties is due to boron vacancies and associated stacking faults, as observed by high-resolution transmission electron microscopy and electron energy loss spectroscopy. The carbon from the malic acid almost uniformly encapsulates boron, preventing boron agglomeration and reducing porosity, as observed by three-dimensional X-ray tomography. The critical current density either exceeds or matches that of niobium titanium at 4.2 K. Our findings provide atomic-level insights, which could pave the way to further enhancement of the critical current density of MgB2 up to the theoretical limit. Increasing dissipation-free supercurrent has been the primary issue for practical application of superconducting wires. For magnesium diboride, MgB 2 , carbon is known to be the most effective dopant to enhance high-field properties. However, the critical role of carbon remains elusive, and also low-field critical current density has not been improved. Here, we have undertaken malic acid doping of MgB 2 and find that the microscopic origin for the enhancement of high-field properties is due to boron vacancies and associated stacking faults, as observed by high-resolution transmission electron microscopy and electron energy loss spectroscopy. The carbon from the malic acid almost uniformly encapsulates boron, preventing boron agglomeration and reducing porosity, as observed by three-dimensional X-ray tomography. The critical current density either exceeds or matches that of niobium titanium at 4.2 K. Our findings provide atomic-level insights, which could pave the way to further enhancement of the critical current density of MgB 2 up to the theoretical limit.
INTRODUCTION
Soaring liquid helium prices have increased the demand for cryogenfree superconducting magnets more than ever. For example, if magnetic resonance imaging magnets can be operated without liquid helium, it will be definitely beneficial. Even though numerous superconducting materials had already been discovered, MgB 2 , which was found to be superconducting in 2001, 1 is considered as the most promising candidate for cryogen-free operation, replacing conventional NbTi technology, due to its low material cost, simple crystalline structure and relatively high transition temperature of B40 K. [1] [2] [3] [4] A decade-long intensive research effort has led to noticeable progress in the development of MgB 2 wire, and its high-field properties are now much better than those of NbTi, for example, thanks to carbon doping. 5, 6 On the other hand, at low field (o5 T), where magnetic resonance imaging magnets are operated, the critical current density has not been increased and is even lower than that of NbTi. The reason why the low-field properties were not improved has been studied, and the lack of enhancement has been mostly attributed to porosity. 7, 8 The chemical reaction between magnesium and boron results in about 30% volume reduction, and porosity is known to be difficult to avoid. However, no quantitative analysis has ever been carried out.
When carbon is doped into MgB 2 9,10 it is believed that it substitutes for boron, stiffens the optical E 2g phonon mode, which is strongly linked with anisotropic s bands and, hence, lowers the transition temperature. [11] [12] [13] Increased interband scattering between the p and s bands could also be a cause for the lower transition temperature. 14 Even without any variation in the interband scattering, the intraband scattering by itself can increase the upper critical field far beyond that of Nb 3 Sn, according to a recent two-band dirty-limit theory. 15 It is also argued from resistivity measurements or from lattice strain estimated from X-ray diffraction that the impurity scattering rate is closely related to the upper critical field enhancement by carbon doping. 12, 16, 17 The microscopic origin of the increased scattering rate due to doping is not yet clear. Microscopic imperfections, such as porosity, grain boundaries, stacking faults, dislocations, secondary phases and so on, also can act as pinning sites. The critical current density is determined by the balance between the Lorentz force and the pinning force.
MATERIALS AND METHODS
The wire samples were fabricated as follows: boron powder (99.9%), toluene (C 7 H 8 , 99.5%) and malic acid (C 4 H 6 O 5 , 99%) were mixed in a Spex mill for 10 min, dried out at 150 1C and then processed in a planetary mill with magnesium powder (99%). The composite powder was put into Nb/Monel cladding and drawn until the outer diameter was reduced to 0.834 mm. Both the doped and the un-doped samples were heat treated at 650 1C for 30 min under argon atmosphere. After the heat treatment, samples were ground until bare MgB 2 core appeared and then mounted on a tungsten tip of an Xradia nanoXCT, a 50-nm-resolution X-ray computed tomography scanner. The critical current density was measured by the standard four-probe method. An electric field criterion of 1 mV cm À1 was used for the determination of the critical current. Microscopic studies were carried out using a JEOL JEM-2500SES, a Cs-corrected STEM equipped with a Gantan 776 EELS (Enfina 1000). High-magnification images were obtained with a JEOL JEM-3000F, a 300 keV high-resolution TEM. This electron microscope also has a Gatan 863 energy filter (GIF Tridiem), so that simultaneous EELS analysis was possible. The high-energy synchrotron radiation powder diffraction experiment was carried out at the SPring-8 facility using a large Debye-Scherrer camera equipped with an imaging plate as a highly sensitive X-ray detector. The synchrotron radiation X-ray diffraction data were analyzed by the Rietveld refinement method using the asymmetric pseudo-Voigt function.
RESULTS AND DISCUSSION
Sample preparation and the critical current measurements Among various carbon doping methods, chemical solution processes using carbohydrate, such as malic acid dissolved in toluene, which is adopted in this work, are advantageous in terms of both cost and performance. 17, 18 Carbohydrates easily decompose at, or even below 650 1C, the melting temperature of magnesium, which enables low sintering temperature fabrication to suppress grain growth. Smaller grains are related to larger pinning force and higher critical current, [19] [20] [21] [22] according to grain boundary pinning models. It is also claimed that more homogeneous mixing is possible than with other doping methods. A ball milling process was adopted to further enhance the uniformity. [23] [24] [25] The mixed un-reacted powders were put into a metallic tube and then heat treated. The field dependence of the critical current measured by the standard four-probe method is shown in Figure 1a . Compared with other types of carbon doping, such as SiC doping, [26] [27] [28] [29] the malic acid-doped sample studied in this work not only shows increased high-field critical current density, but also increased low-field critical current density, even comparable to that of NbTi, exceeding 10 5 A cm À2 at 4.2 K and 6 T. At higher temperature, for example at 20 K, the critical current density of SiC-doped samples has been reported to be decreased compared with the un-doped samples, but here, even at 20 K, the critical current density was increased.
X-ray tomogram analysis on voids
Two important ways to increase critical current density are by the enhancement of the pinning force 30, 31 and/or by increasing the crosssectional area fraction. 7 First, we consider the area fraction. This was investigated by state-of-the-art 50-nm-resolution X-ray tomography, as shown in Figure 2 . Both the doped and un-doped wires were ground until the MgB 2 core appeared, and then 1609 sliced X-ray tomograms covering an area of 15Â15 mm 2 were collected (continuous motion view for each tomogram can be found in Supplementary Movies 1 and 2) using the Zernike phase contrast method along the wire axis (z axis in Figures 2a and b) and also along each of the two other orthogonal axes. MgB 2 , and other phases can be identified from the contrast difference. These sliced tomograms were merged into three-dimensional images and color-rendered, so that red and white For a quantitative comparison, voids in each sliced tomogram were directly studied using a black and white image contrast method adopted to sharpen the boundary of each void in all the tomograms. Voids were numbered and their physical dimensions, including their area, and major and minor diameters, were measured. The major and minor diameters are defined as the length and width of the void along the longest direction, respectively. The pixel size of each tomogram is 16 nm. Comparative histograms of void area and major or minor diameter along the z axis direction are shown in Figures 2c,d ,e. To show the difference more clearly, the y axes of the histograms are presented as count percentage multiplied by void area, major diameter, or minor diameter, respectively. If there is a preferential direction for voids, the statistical distribution of the voids will be different along each direction. However, we found that the histograms of void area and of major and minor diameters almost coincide with each other for all the directions, especially for the doped sample, which could be attributed to a uniform mixing procedure. The probability distribution of void area is almost same for small-sized voids less than B2 mm 2 , but there is a noticeable difference in large void distributions. The average void area and the average major and minor diameters along each direction are listed in Table 1. With malic acid inclusion, the total number of voids is roughly doubled, but the average area is reduced by more than four times. As a result, the void fraction is reduced from around 50% to around 40%, or in other words, the MgB 2 core is densified by doping. Since 1609 sliced X-ray tomograms along each direction were collected with equidistant steps the void fraction is basically an averaged area fraction. Slight discrepancies are due to the finite pixel size in each tomogram, the finite number of tomograms along each direction or the black and white imaging process.
The critical current analysis based on the percolation model Having understood the increase in critical current density as due, at least partly, to the increase in the cross-sectional area fraction, we now consider whether there is a contribution to the enhanced low-field critical current density from increased pinning force. In order to clarify this, the field dependence of the critical current was analyzed by the percolation model, 12, 32 where the loss of connectivity caused by voids and the upper critical field anisotropy are considered together. The model has four fitting parameters: the effective pinning force maximum F m * , the upper critical field B c2 , the anisotropy parameter g and the percolation threshold p c . The low-field critical current density is mostly affected by the effective pinning force maximum, which is the pinning force maximum, F m , multiplied by area fraction, AF (F m * ¼F m ÂAF). The best fit is obtained with the parameters listed in Table 2 , and the dashed lines are calculated using those parameters (Figure 1a) . For the SiC-doped sample, the effective pinning force maximum was reduced to 1.84Â10 6 AT cm À2 , but it is enhanced noticeably by malic acid doping. The enhancement of the effective pinning force maximum from 3.77 to 4.12Â10 6 AT cm À2 almost exactly matches the reduction in the void fraction from B50 to B40%. The pinning force enhancement by doping therefore can be mainly attributed to the increase in the area fraction.
As with other carbon-doped samples, such as SiC-doped samples, the high-field (near the irreversibility field) critical current density is also dramatically increased by malic acid doping, as shown in Figure 1a . From the percolation model analysis, this could be attributed to the enhancement of the upper critical field, or to the reduction in the anisotropy parameters, which are related to the increased impurity scattering rate. The temperature dependence of the upper critical field along the c axis and the ab plane are shown in Figure 1b . Usually, the upper critical field is determined from the onset of resistive broadening. However, in polycrystalline samples, this might give an underestimation. 29 Instead, the extracted upper critical field and other fitting parameters of the percolation model can reproduce the resistive broadening well. The relevance of the extracted upper critical field to the actual value was also reported in the early work of Eisterer et al. 32 From the field dependence of the critical current ( Figure 1a ) at each temperature, the upper critical field was extracted using the percolation model. The extracted upper critical field shown in Figure 1b was fitted by the following two-band dirtylimit theory, 15 2w½ln t+uðb=tÞ½ln t+uðZb=tÞ+l 2 ½ln t+uðZb=tÞ þ l 1 ½ln t+uðZb=tÞ ¼ 0
where t¼T/T c , b¼:H c2 Ds/2f 0 k B T c and u(x)¼c(1/2+x)Àc(1/2). c(x) is the digamma function, D s is the s band diffusivity, f 0 , the flux quantum, and Z is the ratio of the p band diffusivity to that of the s band (D p /D s ). w and l 1,2 are related to the electron-phonon coupling constant l mn and the Coulomb pseudopotential matrix m mn . In this work, interband scattering effects are not considered for simplicity, as the effects of interband scattering can be neglected when the reduction in the transition temperature is relatively small. 15 
Microscopic origin for the enhanced high-field properties
To elucidate the microscopic origin of the increase in the impurity scattering rate, which increases the upper critical field and thereby the high-field critical current density, the atomic structure of both the malic acid-doped and the un-doped samples was investigated using a 300 keV field-emission high-resolution transmission electron microscope (TEM). Samples were prepared by a wedge polishing method and then ion milled with a low acceleration voltage of 0.1 keV. A notable difference between samples is that with malic acid doping, many stacking faults were present (red arrows in Figure 3a) , whereas it was hard to find any trace of stacking faults in the un-doped sample (see also Supplementary Figure S1 ). The stacking faults were magnified and filtered for more accurate observation (Figure 3b ). An inverse fast Fourier transform was taken for Figure 3b , which proceeded with g 002 and g 00 2 patterns. Edge dislocations could be pinpointed, as shown in Figure 3c . The Burgers vector of these dislocations was found out to be ½[001]. Even dislocation climbs were observed, for example, as is indicated with a yellow circle in Figure 3b . Dislocation climbs in hexagonal close-packed structure have been reported previously, 37 but not for MgB 2 . Dislocation climbs occur by the diffusion-assisted movement of atomic vacancies and generate intrinsic stacking faults, where a plane is missing from the original crystal structure. To see vacancies clearly, the dislocation climb was magnified further using annular dark-field scanning TEM (ADF-STEM), as shown in Figure 3d , where the stacking faults are marked with white arrows. The lattice orientation is indicated in Figure 3d , and individual magnesium and boron layers can be identified. From a comparison of the ADF-STEM image intensity with electron energy loss spectrum analysis (EELS), it was found that the bright spots correspond to magnesium atoms and the less bright ones to boron atoms (see also Supplementary Figure S1 ). However, along the stacking faults, boron spots cannot be found, suggesting that a boron layer is missing. Across the stacking faults, along area 1 and area 2, marked with white boxes in Figure 3d , ADF-STEM intensity scans were carried out, as shown in Figure 3e , which clearly indicates that vacancies arise from boron deficiency.
These boron vacancies generate lattice distortion. High-energy synchrotron radiation X-ray powder diffraction using a large Debye-Scherrer camera was conducted at SPring-8 and was analyzed by Rietveld refinement (see also Supplementary Table SII) . The boron deficiency reduces the a-axis lattice parameter from 3.0832 (2) to 3.0758 (2) Å , while leaving the c-axis lattice parameter more or less the same, from 3.5221 (2) to 3.5237 (2) Å . The refinements also show that the crystallite size, or the grain size, was slightly decreased by malic acid doping from 44 to 40 nm. As already noted, a smaller grain size can increase the pinning force, and the increase in the effective pinning force can be partially attributed to the reduction in the grain size. The lattice distortion obtained from the refinement was almost doubled by doping from 0.34 to 0.63%. The correlation between the lattice disorder, the resistivity and the transition temperature is quite well established. 17 Furthermore, it has recently been argued that the upper critical field is related to the resistivity and the transition temperature. 12 The diffusivities listed in the previous paragraph are decreased by doping, or in other words, the impurity scattering rate is increased (see also Supplementary Table SI). For the almost isotropic p bands originating from the p z orbitals of the boron atoms, the reduction is also quite isotropic. The reduction in the diffusivities by doping for the p bands, D p ab and D p c , are 0.64 and 0.59, respectively. On the other hand, for the highly anisotropic s bands from the in-plane p xy orbitals, the reduction in diffusivity is not uniform. More severe reduction can be found along the c axis. D s c is reduced by doping by a factor of 0.60, whereas along the ab plane the reduction in D s ab is only by a factor of 0.75. We therefore argue that the intrinsic stacking faults caused by boron vacancies are the microscopic origin of the increased impurity scattering rate, which enhances the upper critical field and the other high-field properties. 38 The role of carbon for the void reduction Even though it is generally argued that carbon substitutes for boron, it was not possible to find substituted carbon inside the MgB 2 phase of the malic acid-doped sample, whereas boron vacancies were abundant. A natural question is then where the carbon is. For that purpose, the interface between MgB 2 and impurity phases was further investigated using a Cs-corrected scanning TEM (STEM) equipped with an electron energy loss spectrometer. The majority of the carbon is found to be located outside the MgB 2 phase (region 1 of Figure 4a ), mostly at the grain boundaries (region 2), as seen from the detailed EELS analysis shown in Figure 4b . No other peaks were observed other than boron in the EELS for the impurity phase, as shown in Figure 4b . A fast Fourier transform pattern of the impurity phase is featureless, as shown in Figure 4c , reflecting the initial amorphous boron powder. An EELS map for the un-reacted boron phase, where the boron and carbon K edges are colored blue and red, respectively, is shown in Figure 4d . Thick carbon layers are localized, surrounding a small part of the un-reacted boron, which suggests that the carbon enclosing each boron powder particle during the mixing procedure remains there, even after the reaction heat treatment. The size of the boron particle enclosed by carbon is about 100 nm, which suggests that carbon suppresses agglomeration of boron, as is schematically depicted in the inset of Figure 4a , leading to denser packing during the metal cladding process and to void fraction reduction. This explains why we do not observe an increase in the low-field critical current density in other carbon-doped samples such as SiC doped.
CONCLUSIONS
The reaction of magnesium and boron with malic acid has produced critical current densities over a wide field range that are either comparable to or exceed those of commercial NbTi. There is great potential for further enhancement by careful optimization of boron content, while maintaining small grain size. The microscopic origin of the improved high-field properties that is attributed to carbon 'doping' is really due to boron vacancies. Detailed microscopic analysis has shown that boron vacancies generate intrinsic stacking faults within the MgB 2 grains, together with associated lattice distortion. These structural defects produce an increase in the impurity scattering rate, which thereby enhances the upper critical field and the high-field critical current density. Besides enhancing the intragranular scattering via formation of boron vacancies, the inclusion of malic acid leads to boron encapsulation by carbon, which, in turn, prevents agglomeration during heat treatment, yielding fine grains and hence strong pinning. As shown by a detailed void analysis based on X-ray tomography, inclusion of malic acid leads to significant densification (void density decreased from 50 to 40%, and also much finer voids). In short, reaction with malic acid results in a dense, strongly pinned wire core that produces enhanced critical current density, comparable 
